High level ab initio electronic structure theory has been used to calculate the heats of formation of CCl and CCl 2 . The calculations were done at the CCSD͑T͒ level with new correlation-consistent basis sets up through augmented hextuple-including tight d functions on the Cl and then extrapolated to the complete basis set limit. Additional corrections for core/valence correlation, relativistic effects both scalar and atomic spin-orbit, and zero-point energies have been included. The heat of formation at 0 K of CCl is 103.1Ϯ0.4 kcal/mol and that of CCl 2 is 55.1Ϯ0.4 kcal/mol. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1402167͔
We have been developing a composite theoretical approach to reliably predict molecular heats of formation without recourse to empirical parameters. [1] [2] [3] [4] [5] [6] [7] [8] [9] Our approach starts with existing, reliable thermodynamic values obtained from either experiment or theory. We use experimental atomic heats of formation, which are difficult to obtain theoretically, as well as molecular and atomic spin-orbit splittings ͑if available͒. High-level ab initio electronic structure methods are then used to calculate the molecular atomization energy. The energy of the valence electrons are calculated by using coupled cluster methods including single, double, and connected triple excitations ͓CCSD͑T͔͒, with the latter being handled perturbatively. [10] [11] [12] The CCSD͑T͒ energies are extrapolated to the complete basis set ͑CBS͒ limit using the correlation consistent basis sets (cc-pVnZ) from Dunning and co-workers. [13] [14] [15] This family of basis sets is chosen because of the regularity with which it approaches the CBS limit. In addition, core-valence (⌬E CV ) and relativistic, both spin-orbit and scalar relativistic, corrections to the dissociation energy are required for Ͻ1 kcal/mol accuracy. Finally, one needs an accurate zero-point energy in order to calculate the total atomization energy at 0 K, ⌺D 0 , and hence ⌬H f at 0 K given the atomic heats of formation.
The heat of formation of CCl 2 is of interest as it is a prototypical halogenated carbene and is important in the decomposition processes of chlorinated hydrocarbons. We recently reported ⌬H f (CCl) and ⌬H f (CCl 2 ) at 0 K based on a quantum chemical approach using total dissociation energies calculated by extrapolating CCSD͑T͒ results to the CBS limit. 16 In this calculation, we used the cc-pVnZ basis sets with n max ϭ5 for CCl and n max ϭQ(4) for CCl 2 . We included core-valence corrections but did not include any effects of relativity including the spin-orbit correction to the atoms which decreases the dissociation energy of CCl 2 by 1.76 kcal/mol. Another recent paper reported a similar study using the same approach with the aug-cc-pVnZ basis sets and n max ϭ4. 17 These authors did include relativistic corrections ͑both scalar and spin-orbit͒. They obtained ⌬H f (CCl 2 ͒ ϭ54.7Ϯ1 kcal/mol as compared to our previous value of 53.0 kcal/mol. The latter value would change to 54.8 kcal/ mol if we include the spin-orbit correction for the atoms. In addition, we have been exploring the role of tight d functions in calculating atomization energies of species containing second row elements and have found that such functions are necessary to obtain accurate dissociation energies. 18 Thus, we have recalculated ⌬H f (CCl) and ⌬H f (CCl 2 ) using new tight d augmented basis sets up to n max ϭ6.
For the present study, we used the new diffuse function augmented correlation consistent basis sets with tight d functions, aug-cc-pV(nϩd)Z, for Cl and the standard aug-cc-pVnZ sets for C ͑nϭD through 6͒. Only the spherical components ͑5-d, 7-f , 9-g, 11-h, and 13-i͒ of the Cartesian basis functions were used. All of the current work was performed with the MOLPRO suite of programs. 19 The openshell CCSD͑T͒ calculations were carried out at the R/UCCSD͑T͒ level, where a restricted open-shell HartreeFock ͑ROHF͒ calculation was initially performed and the spin constraint was relaxed in the coupled cluster calculation. [20] [21] [22] The CCSD͑T͒ total energies were extrapolated to the CBS limit by using a mixed exponential/ Gaussian function of the form
where nϭ2 ͑DZ͒, 3 ͑TZ͒, etc., as first proposed by Peterson et al. 23 In addition, extrapolations of the CCSD͑T͒ correlation energies were also performed with the two-parameter function 24, 25 E͑n ͒ϭE CBS ϩAl max Ϫ3 , ͑2͒
where l max is the highest l value in the basis set and is equal to n. The CBS limit total energy was obtained via Eq. ͑2͒ by combining the extrapolated correlation energy with the aug-cc-pV(6ϩd) Hartree-Fock energy. The spread between . These can be compared to the quantities calculated from a sixth-order polynomial fit to seven near-equilibrium energies at the CCSD͑T͒/aug-cc-pV(5ϩd)Z level of theory, e ϭ877.5 cm Ϫ1 and e x e ϭ5.3 cm Ϫ1 . The molecular zeropoint energy for CCl 2 was derived from the experimental band origins. 29 The experimental values are 730 and 335 cm Ϫ1 for the symmetric stretch and bend, respectively, in the gas phase and an asymmetric stretching frequency of 748 cm Ϫ1 from an argon matrix study. These can be compared to CCSD͑T͒/cc-pVQZ harmonic values for the symmetric modes of 731 and 340 cm Ϫ1 obtained in this work. For the asymmetric stretch, we also note the CCSD͑T͒/cc-pVTZ harmonic value of 760 cm Ϫ1 from Ref. 17 . The CCSD͑T͒ values can be used to provide an estimate of the error in the CCl 2 zero-point energy of Ϯ0.04 kcal/mol. ⌬E CV was obtained at the CCSD͑T͒/cc-pwCVQZ level of theory from both valence-only correlated calculations and those where correlation of the C 1s and Cl 2s2p electrons were also included. It should be noted that it is generally not reliable to derive ⌬E CV using two different basis sets, e.g., CCSD͑T͒/cc-pVQZ for the valence-only calculation and CCSD͑T͒/cc-pwCVQZ for the all-electron case, since the core-valence correlating functions can have nonnegligible effects in valence-only calculations and their neglect can lead to an overestimate of ⌬E CV . As in most electronic structure calculations, the present work does not explicitly account for any zero-field spin-orbit splittings, but instead yields a weighted average of the available multiplets. In order to correct for this effect, we apply an atomic spin-orbit correction of Ϫ0.08 kcal/mol for C and Ϫ0.84 kcal/mol for Cl based on the excitation energies of Moore. 30 For CCl, a molecular spin-orbit correction of 0.19 kcal/mol is available from experiment. 28 Scalar relativistic corrections (⌬E SR ), which account for changes in the relativistic contributions to the total energies of the molecule and the constituent atoms, were included at the CISD level of theory using an uncontracted aug-cc-pV͑Qϩd)Z basis set in the frozen core approximation. ⌬E SR is taken as the sum of the mass-velocity and one-electron Darwin ͑MVD͒ terms in the Breit-Pauli Hamiltonian, 31 and we assign an estimated uncertainty of Ϯ0.1 kcal/mol to this quantity.
The various components of the energy are shown in Table I . The error bars for the valence electronic atomization energies are estimated as the difference between the results of Eq. ͑1͒ using the DZ through QZ basis sets and Eq. ͑2͒ using the 5Z and 6Z sets, which yields error limits of Ϯ0.18 kcal/mol for CCl and Ϯ0.16 kcal/mol for CCl 2 . By combining our computed ⌺D 0 values with the known 32 heats of formation at 0 K for the elements ͑⌬H f 0 (C͒ϭ169.98Ϯ0.1 kcal/mol and ⌬H f 0 (Cl͒ϭ28.590Ϯ0.001 kcal/mol͒, we derive ⌬H f 0 values for CCl and CCl 2 as shown in Table I . The heat of formation of CCl at 0 K is 103.1Ϯ0.4 kcal/mol as compared to our previous value of 102.5 kcal/mol. Most of the difference is due to our previous neglect of relativistic effects which account for 0.92 kcal/mol. Our current value is in reasonable agreement with the recent experimental determination by Jesinger due to relativistic effects, which total 2.1 kcal/mol. Our result for ⌬H f (CCl 2 ) is larger in magnitude than the value of 54.5Ϯ1 kcal/mol reported by Sendt and Bacskay. 17 The difference in the two values is mostly due to the overestimation of core-valence correlation effects in Ref. 17, 1.37 versus 0.56 kcal/mol, as well as smaller contributions due to the lack of tight d functions in the basis sets used in their extrapolations, as well as a slightly smaller scalar relativistic correction. The G3 value for ⌬H f (CCl 2 ) of 54.0 kcal/mol is in qualitative agreement with our final predicted value. The heat of formation of CCl 2 was measured by Paulino and Squires 34 as 52.1Ϯ3.4 kcal/mol at 298 K ͑51.8Ϯ3.4 kcal/mol at 0 K͒. The Squires group 35 later revised this value upwards to 55.0Ϯ2.0 kcal/mol at 298 K ͑54.7Ϯ2.0 kcal/mol at 0 K͒. The revised value is in excellent agreement with our latest calculated value.
